Hierarchically structured and ultralight pullulan/PVA aerogels or sponges were prepared from short electrospun nanofibers using solid templating. The architecture of the aerogel consisted 
Introduction
Electrospinning allows the fabrication of nanofibers from biopolymers, synthetic polymers, and even metals. In terms of applications electrospinning has outperformed alternative technologies for nanofiber production such as melt blowing, [1] self-assembly, [2] phase separation, [3] solution blow spinning, [4] and nanofiber drawing. [3a] Electrospun nanofibers feature a large specific surface area, ultra-high aspect ratio, extreme flexibility, and the electrospinning process can easily be scaled up. One limitation in electrospinning is the anisotropic lamellar deposition character due to the layer-by-layer manufacturing process. [5] Different ways to fabricate porous 3D structures from electrospun nanofibers have been exploited, [6] such as self-assembly, [7] cool drum spinning [8] or gas expansion. [9] Even though those 3D scaffolds lack the possibility to add scalable pores and often suffer from poor mechanical stability, [10] the scientific resources devoted to developing electrospun 3D materials are increasing each year.
[6b]
The unique properties of 3D materials from electrospun nanofibers enable their application as scaffolds in tissue engineering, [11] framework for heterogeneous catalysis, [12] drug release composites, [11c, 13] personal safety equipment, [14] sensors, [15] or electrodes. [16] It has been shown recently, that colloidal dispersions of short electrospun nanofibers prepared by cutting electrospun membranes open a complementary and controlled approach in nonwoven nanofiber processing. [17] This change in paradigm -to separate fiber formation and fiber processing -elegantly overcomes the main drawback of electrospinning, since fiber processing is no longer coupled to the intrinsically lamellar fiber deposition, but separated into more versatile liquid handling process. Using short electrospun nanofiber dispersions, Ding [5a] and Greiner [18] pioneered the preparation of ultralight 3D aerogels or sponges by freeze casting. These nanofiber based 3D materials are either referred to as aerogels [5a] or sponges [18] . They show high porosities like silica based aerogels, but the solid scaffold is pre-formed by short nanofibers. [19] Our group rigorously controlled this underlying self-assembly solid templating process to form hierarchically structured nanofiber aerogels with tailored pore size. [20] We present a simple and efficient route to prepare highly porous interconnected networks of electrospun nanofibers with tailored pore feature. Furthermore, we illustrate the vast potential of post-treating such 3D aerogels: subsequent hydrophobic modification using chemical vapor deposition (CVD) allowed us to alter the inherent characteristics and morphology of the electrospun pullulan/PVA nanofibers within the aerogel. The nanofiber based aerogels in this work were designed to fulfill several criteria. (i) The 3D framework of the aerogel should not collapse during further treatment and thus had to be mechanically resistant.
(ii) The structure
should display an open cellular architecture and most importantly (iii) the intrinsic properties and shape of the nanofibers -such as large specific surface area and aspect ratio -were retained. By selecting a pullulan/PVA blend as nanofiber starting material, we were able to perform in situ crosslinking to ensure high mechanical stability and to increase compression resistance. [21] Furthermore, pullulan -a homopolysaccharide of glucose -is biodegradable, GRAS-approved and amphiphilic, because of the presence of hydrophilic hydroxyls groups and hydrophobic pyranose rings. In contrast to the hydrophobic nanofiber aerogels prepared by Ding [5a, 22] and Greiner, [18, 23] the amphiphilic character of pullulan allows the uptake of both polar and non-polar solvents. Additionally, the presence of ample hydroxyl groups facilitates chemical post modification. [24] We meth the remaining two requirementshierarchically structured features and the preservation of the characteristics of the nanofibers by using a controlled solid templating technique adapted for short pullulan/PVA nanofibers.
To synthesize the aerogel, see Figure 1a , nonwoven nanofiber membranes were first produced by environment-friendly free-surface electrospinning pullulan/PVA from aqueous solution (see Supporting Information). Electrospinning under benign conditions yielded uniform nanofibers with a diameter of 240 ± 55 nm. [25] The nanofiber membranes were homogenized in 1,4-dioxane to provide a suspension of short nanofibers with a length of approx. 40 µm, and subsequently frozen using a directional solid templating approach. [20, 26] Sublimation by freeze-drying yielded the green bodies -an ultralight (density between 4.1 and 48.2 mg ml −1
) and highly porous (porosity up to 99.7 %) fibrous network with directional pores along the thermal freezing gradient. It is so light that a dandelion can carry it without deforming the fluffy seed heads (Figure1b). By carefully controlling both the fiber concentration and the freezing conditions, solid templating showed great flexibility in tailoring both the microstructure and the macrostructure of the architecture of the aerogel (see Supporting Information). The water soluble green bodies were thermally crosslinked at 180 °C for 40 min to render them insoluble. During this thermal process, at least two reactions occur simultaneously: first ether bond formation, which renders the polymers water insoluble, and second carbohydrate oxidation (caramelization) of maltose, a residue from the pullulan production, leaving a brownish hue. Crosslinking of the pullulan/PVA green bodies increased the compressibility and mechanical resistance, but lead to a shrinking between 45 and 65 %, Table 1 . Crosslinking the water-soluble pullulan/PVA polymer blend is crucial for its application under wet conditions and outweighs the side-effects (shrinking and discoloration) during the thermal crosslinking of the aerogel. Adding supporting inorganic nanofibers such as SiO 2 can preserve the initial volume during thermal crosslinking at the cost of the biodegradable properties of the aerogels. [5a, 22] Likewise, using polymeric or inorganic coatings to enhance the stability of the aerogels leads to a loss of the intrinsic surface properties of the fibers. [23] Figure 1. a) Processing steps for the synthesis of 3D electrospun nanofiber based aerogels by freeze-casting: 1.) electrospinning uniform nanofibers, 2.) homogenizing of the electrospun membrane in a wetting non-dissolving liquid to obtain short fibers with a length of approx. 40 µm and an aspect ratio of 120-150, 3.) solid templating at a controlled rate and successive sublimation of the solidified non-solvent to obtain the free standing green body aerogel, 4.) thermal crosslinking to achieve water insolubility, 5.) hydrophobic modification of the amphiphilic network by CVD with trichloro(octyl)silane (TOS). b) Pullulan/PVA aerogel (apparent density of 8.7 mg ml −1 ) freestanding on a dandelion without deforming the fluffy seed heads. c) Discoloration associated with crosslinking (left) and post-treatment (right) of the nanofiber aerogel. d) to f) SEM images of a cross-section from a nanofiber-based aerogel perpendicular to the freezing direction showing the hierarchical pore architecture at different magnification. The open pore architecture with major secondary pores between 50-100 µm (d and e) and minor primary pores between 2-5 µm (e) is clearly visible. Notably, the nanofibers' morphology within the aerogel is preserved.
We could modify the amphiphilic framework of the aerogel to selectively absorb non-polar liquids by CVD using trichloro(octyl)silane (TOS). Chemical vapor deposition proved to be an easy but efficient means to render the surface of the fiber hydrophobic without altering the pore structure of the aerogel. The increase in density was only 5 %, regardless of the density of the aerogel before TOS treatment. A slight change in color was observed, see Figure 1c . For calculating the porosity see the Supporting Information.
The pore formation process during solid templating is understood by the accepted freezing mechanism for nanoparticle slurries, [27] where the dispersed nanofibers are rejected by the moving solidification front of the growing solvent crystals and thus concentrate between the crystals to form walls of entangled nanofibers separating cellular pores. We could demonstrate that the pore size and shape could be tailored by influencing either the freezing front velocity during freezing or by adjusting the slurry's viscosity through changing the fiber fraction.
[5a, 20, 22b] The architecture of the aerogels reveals hierarchical pores: minor primary pores between tangled nanofibers and major cell-like secondary pores. This hierarchical nanostructure and microstructure is clearly visible in SEM images of aerogel cross sections, see Figure 1d to Figure 1e . By zooming in on a major secondary pore, minor primary pores with a size of 2-5 μm are distinctly visible. These primary pores are about the same size as those in electrospun membranes. [15b, 28] A significant difference between these nanofiber based aerogels and conventional cellulose aerogels is the preserved fibrous character within the cell walls despite their ultra-thin dimensions. Typical cellulose aerogels have smooth, regular pore walls, so they are not truly interconnected. [24] Whereas here, the primary pores are interconnected with the larger, secondary pores yielding a truly interconnected, open-pore network of nanofibers. Investigating the sponges with respect to the freezing direction reveals that the secondary pores were aligned parallel to the thermal freezing gradient, see Figure S3 .
Hence, the aerogel has a hierarchical anisotropic architecture. Such anisotropic properties have been reported many times for ice templated ceramics -both in terms of structure such as strength and E-modulus, but also in terms of function such as thermal conductivity, acoustic properties, or gas permeability.
[29]
Here, we were interested in thehierarchical pores for efficient mass transport properties in combination with a large and accessible internal surface provided by the network of entangled nanofibers.
The combination of the robust hierarchical cellular structure and the characteristic entanglement of the fibers may also be responsible for the high bendability and reversible compressibility of the nanofiber aerogels. They are superior to the typically fragile ceramic aerogels, which disintegrate under compression stress. [30] By studying their compression behavior, we found that the aerogels can bear high compression strain, ε, up to 80 % and still recover their original shape. Stress-strain curves display two characteristic regimes: a linear, Hookean regime for ε ≤ 40 %, where no plastic deformation occurs, and a densification regime above ε ≥ 40 %, see Figure 2a . Deformation was also observed by SEM in situ compression studies, where the pore walls undergo non-linear compression at high deformation, also known as elastic buckling. [31] We carried out multiple compression cycles, see Figure 2c , and observed a plastic deformation of the structure after the first five compression cycles at a strain of ε = 60 %. However, it is less pronounced for the silylated aerogel, emphasizing the reinforcement through silylation. At reduced compression strain of ε = 30 % the aerogels exhibited almost no deformation and retained their original shape even after 100 cycles, see Figure S6c . The rapid shape recovery of the ultralight aerogel is also observed when wet (see Figure S7) . Whereas conventional open-porous foams display failure and plastic deformation due to exhaustive buckling, fibrous aerogel display fatigue residency.
Due to the fibrous structure in the pore walls of the aerogels fast energy dispersion throughout the entire structure is ensured. This so-called multi-arch architecture acts as an elastic springtype cushioning system, minimizing the effect of fatigue failure. [32] This efficient load transfer was observed when studying the open porous aerogel by in situ scanning electron microscopy (SEM), see Figure 2e and f.
Youngs' moduli were between 5.1 and 401 kPa depending on the density of the silylated aerogel (from 12.64 to 92.27 mg ml -1 ). While crosslinking and successive silylation of the aerogel renders the structure non-soluble and hydrophobic, the E-modulus depends primarily on the density of the aerogel. Normalized to their density the specific E-moduli of the aerogels were within 0.45 and 4.2 MPa ml g -1 , thus they are comparable with other solid templated aerogels from electrospun nanofibers.
[5a, 18, 22a, 23, 33] Thanks to their highly interconnected fibrous network they exhibit similar properties as carbohydrate aerogels with smooth regular pore walls from cellulose (< 2 MPa ml g -1 ), [34] or starch (< 10 MPa ml g -1 ). [35] Carbon aerogels, however, generally show higher specific E-moduli (20 MPa ml g -1 , [36] or even over 330 MPa ml g -1 , [37] ) thus suggesting that pyrolysis of the pullulan/PVA aerogel could potentially improve mechanical properties. Using the model proposed by Gibson and Ashby the architecture of a cellular material can be elucidated, given its scaling behavior of the relative E-modulus versus its relative density. [31, 38] When comparing our aerogel structures with selected materials from literature, it becomes apparent that our aerogels behave like open-cell structures, see Figure 2d . Our finding confirms the hypothesis of Ding et al. [5a, 22b] and is supported by the SEM in situ compression study. , respectively (Table 1) . a) Compression stress, K, versus compression strain ε = 30, 60 and 80 % of the silylated aerogel. b) Comparison of the compression behavior of the aerogel after different processing steps (green body, crosslinked, and silylated). c) First 50 cycles of the fatigue test at a compression strain ε = 60 % illustrating the enforcement by silylation (for 100 cycles see Figure S6 ). d) Scaling behavior of nanofiber based aerogels with different densities. Literature data: [5a, 23, 30c, 34a, 39] The nanofiber based aerogels from this work show open-cell behavior (slope 2.1). E s and density ρ s of the solid were estimated using literature values of pullulan [40] and PVA: [41] E pullulan = 28 GPa, ρ pullulan = 1.85 mg ml , respectively. The pullulan/PVA ratio to calculate the weighted arithmetic mean E-modulus and density of the composite was2:3. e) SEM in situ compression study with increasing degree of compression (parallel to the freezing direction). The proposed elastic buckling can be observed by following the pore walls of the secondary pores (white arrow). f) Mechanistic scheme for the compression of open-pore structures.
With hydroxyl groups surrounding the hydrophobic pyranose ring, pullulan exhibits similarly to cellulose an affinity to both polar and non-polar solvents. Unmodified but crosslinked pullulan/PVA aerogels with a density of 11.88 mg ml ). After silylation, water can no longer penetrate but is forming droplets on the aerogel's surface with a contact angle of 136 ° (Figure 3b ). When a water drop is touching the hydrophobic surface of the aerogel, it is partially penetrating into the hierarchically structured fibrous topography, allowing the small water drops (5 µl) to adhere to the surface. As shown in Figure 3c , these little water droplets (dyed with methyl blue) do not move -even when rotated upside down -implying the formation of a Cassie impregnating wetting area or a so-called "Gecko"-state. [24d, 42] Simultaneously, hydrophobic silylated pullulan/PVA aerogels rapidly and selectively remove non-polar solvents such as cyclohexane or chloroform from water ( Figure 3d and Figure S8 ). The complete absorption of hydrocarbons from water demonstrates the excellent potential for oil removal, e.g. from produced water. Furthermore, the silylated aerogels display high absorption capacities, φ, towards a wide range of liquids, including aliphatic (cyclohexane, petroleum ether, nhexadecane), polar aprotic (ethyl acetate, 1,4-dioxane), chlorinated (dichloromethane, chloroform) solvents, and silicone oil. When the hydrophobic aerogel is forced into polar solvents such as water, ethylene glycol or dimethyl sulfoxide (DMSO) the liquid is repelled, filling only less than 15 % of the available pore volume. Hence, it is evident, that a higher relative dielectric constant ε r of a solvent with ε r ≥ 37 correlates with less or no absorption capacity. By further exploiting the high and tunable porosity of such electrospun nanofiber based aerogels, it is even possible to increase the absorption capacity to almost 430 m 3 m -3
. [18] In summary ultralight (4.13 mg ml -1 ) and highly porous (99.70 %) nanofiber based aerogels were successfully synthesized using a controlled solid templating approach for short electrospun nanofibers. CVD with TOS was applied to turn the initially amphiphilic pullulan/PVA framework of the aerogel into a hydrophobic one with selective absorption of non-polar solvents. This illustrates the potential of combining two established high impact techniques namely electrospinning and freeze-casting. We expect that thanks to their outstanding mechanical behavior, their large specific surface area, and their tunable microstructure these fascinating nanofiber based aerogels obtained by solid templating will establish in numerous applications: either as filtration and separator structure, as a catalyst support, as dampers and isolators, as pressure sensors, absorbents, or as a scaffold for tissue engineering. , respectively (Table 1 ). The dashed lines represent the maximum absorption capacity, φ max , assuming 100 % pore filling
Experimental Section
Preparation of pullulan/PVA aerogels: The Pullulan/PVA composite nanofibers were prepared by dissolving 4 g Pullulan (food grade, Hayashibara co. Ltd, Japane) and 6 g PVA (Mw = 89000-98000 Da, DH = 99 %, Sigma-Aldrich) in 90 g Water. Electrospun nanofiber membranes were obtained by free liquid surface electrospinning with a Nanospider™ NS lab 500 from Elmarco. The fibers were spun at a high voltage of 80 kV using a cylindrical electrode and a collector distance of 16 cm. Temperature and relative humidity during electrospinning were 26 ± 3 °C and 26 ± 4 %, respectively. In a typical experiment for the fabrication of nanofiber based aerogels with an apparent density of 8.78 mg ml -1 , the nanofiber membrane was cut into small pieces of approx. 1 x 1 cm 2 and dispersed in 100 ml 1,4-dioxane by an IKA T25 homogenizer for 20 min at 13000 rpm. The homogenous dispersion was subsequently poured into a mold and frozen at a specific rate (here 10.29 µm s -1 ). The frozen solid was then freeze-dried for 48 h and finally thermally crosslinked at a temperature of 180 °C for 40 min. To obtain hydrophobically modified aerogels by chemical vapor deposition using TOS (purity = 97 %, Sigma-Aldrich), a glass container containing TOS was placed together with the crosslinked pullulan/PVA aerogel in a closed desiccator.
After 24 h of reaction time at ambient temperature, the surface modified aerogel was subsequently placed under vacuum (10 mbar, 2 hours) to eliminate the excess silane and the coupling product HCl.
Supporting Information
Supporting Information providing details on the electrospinning process, the solid templating conditions, thermal crosslinking, and physical chemical characterization of the aerogels is available from the Wiley Online Library or from the authors.
